A cell mutant of the Chinese hamster ovary line, which is temperature sensitive for protein synthesis, is specifically defective in vivo in its ability to charge tRNA with leucine. Cytoplasmic extracts exhibited temperature-sensitive leucyl-tRNA synthetase activity. It is, therefore, highly likely that the mutant has a structural alteration in leucyl-tRNA synthetase. The lowleakiness and low reversion rate of this mutant, combined with the specificity of the defect in its protein-synthesizing machinery, make it an appealing tool for investigating regulatory mechanisms in animal cells.
Our understanding of biological processes at the molecular level has been advanced immeasurably by the judicious combination of genetics with biochemistry. This approach has played a far more important role in microbial systems; systems involving somatic mammalian cells have lagged behind, due in part to the paucity of well-defined mutations. We (2, 4) and others (3) have been developing selection procedures for the isolation of temperature-sensitive (ts) conditional lethal mutant lines of mammalian cells, and various mutant phenotypes isolated from various cell lines are now becoming available for study. Although there is indirect evidence that many ts as well as drug-resistant and nutritional-auxotrophic phenotypes are likely due to true mutations [see review by Thompson and Baker (4) ], there have been only a few explicit demonstrations that altered gene products are associated with altered phenotypes (5) . It is important to know whether ts mutant lines actually contain proteins (or other gene products) that are temperature sensitive, especially since some workers have proposed that altered phenotypes induced in culture might be explained by nongenetic modifications (6) .
We describe here a mutant of Chinese hamster ovary cells which has a temperature-sensitive leucyl-tRNA synthetase, the enzyme that adds leucine to tRNALU. A preliminary observation that protein synthesis declined rapidly and profoundly at the nonpermissive temperature attracted us to this mutant, as the protein-synthesizing machinery has been implicated in the control of proliferation of animal cells (7) . Elucidation of the molecular basis for the phenotype of this mutant together with its stable genetic character render it very attractive as a device for investigating various molecular regulatory phenomena in animal cells.
MATERIALS AND METHODS
Cells and Culture Conditions. The wild-type cells were a clone of the Chinese hamster ovary line (CHO) (8) , which has a stable karyotype consisting of 21 chromosomes with little cell-to-cell variation (9) . Cells from frozen stocks of this line and of the mutant tsHl were maintained in exponential growth in suspension culture at 34°. The growth medium was a-minimal essential medium (10) supplemented with antibiotics and 10% fetal-bovine serum (Flow Laboratories). Temperature was monitored with matched precision thermometers and was carefully controlled with water baths with a precision of 40.1'. The thermometers were compared to a calibrated standard, and agreed within 0.10.
Isolation of Mutant tsH1. The mutant was isolated from a mutagenized culture of wild-type cells by a selection procedure described elsewhere (4) . In brief, after mutagen treatment of a wild-type culture at 340 with MNNG (N-methyl-IW-nitro-n-nitrosoguanidine) ( Tests were conducted to determine whether the frequency of revertants could be increased with mutagen treatment. After treatment with ethyl methanesulfonate, a substantial increase in revertants was obtained (Fig. 1 ). With MNNG a marginal effect was obtained, although a greater effect was seen in another experiment in which higher doses of MNNG were used. These results support the notion that the phenotype of tsH1 is due to the expression of a point mutation, though few of the revertant colonies actually showed normal growth and colony formation when picked and tested at 38.50. Most of the revertants were still partially temperature sensitive, implicating intragenic or intergenic suppressor mutations.
To provide insight into the nature of the defect in tsH1, we performed experiments to determine whether the mutation behaved as dominant or recessive in somatic cell hybrids.
With the aid of Sendai virus inactivated by g-propiolactone, tsHl cells were hybridized (11) (Fig. 3) [14C] aminoacids, one at a time, at 340 and 40.50. The cells were pretreated with cycloheximide and actinomycin to suppress the entry of amino acids into protein, and of label from amino acids such as glycine into RNA. Nucleic acid was then extracted with phenol, and acid-precipitable radioactivity was measured. Prior treatment of the nucleic acid with alkali or RNase rendered more than 90% of the radioactivity nonacid-precipitable for all amino acids but one (cysteine), indicating that the label was in tRNA * amino-acid complexes (Table 1) . Leucine, and only leucine, showed virtually no charged tRNA at 40.50, and normal amounts at 34°. Wildtype cells and a spontaneous revertant of tsH1 showed normal amounts of leucyl-tRNA at both temperatures. These results indicated that the lesion in tsH1 was related specifically to its inability to use leucine for charging tRNA. Control experiments indicated normal uptake of leucine into the acidsoluble intracellular pool by tsH1 cells at both 340 and 40.5°.
Thus, the lesion was either in tRNALeU molecules or in the synthetase enzyme that catalyses the charging reaction.
Temperature Sensitivity of Leucyl-tRNA Synthetase Activity. Cytoplasmic extracts were prepared from both wild-type and tsH1 cells and assayed for leucyl synthetase activities with exogenous tRNA. The enzyme activity from tsH1 extracts was much lower than that from wild type even at 340, as observed with ts synthetase mutants of bacteria (16) . Moreover, it is readily apparent from the results shown in Fig. 5 that the activity of the enzyme from tsHl was also strongly temperature sensitive. These data were obtained by using equal amounts of protein such that the enzyme from tsH1 was limiting in the reaction but that from wild type was somewhat in excess. However, when the wild-type extracts were diluted 10-fold, incorporation was reduced but no temperature sensitivity was observed between 340 and 44.5°( results not shown). Valyl and phenylalanyl synthetases from tsHl extracts were also assayed at 340 and 44.5°, and showed no temperature sensitivity, giving the same incorporation as that obtained with wild-type extract. Since the assays were performed with rat-liver acceptor tRNA, which substantially increased the incorporation over that from endogenous tRNA, the observed temperature sensitivity of the reaction could not be due to a defect in tRNA. In addition, experiments with mixed extracts of wild type and tsH1 indicated that the low leucyl synthetase activity in tsHl was not due to a diffusible inhibitor. Of course we cannot fully exclude the possibility of a specific but indirect effect on the leucyl synthetase due to a highly specific temperaturedependent interaction with some other component. However, the simplest and most likely interpretation of our results is that tsH1 has a structural alteration in leucyl-tRNA synthetase which confers temperature sensitivity. DISCUSSION Our knowledge of the biochemical lesion in the CHO mutant tsH1, combined with its low leakiness and low reversion frequency, indicate that the mutant will be valuable for investigating several biochemical and genetic problems, as well as providing a model for designing more specific selection procedures.
From a molecular viewpoint, the work (see Table 1 ) provides strong evidence that in CHO cells one leucyl synthetase enzyme can catalyze the addition of leucine to the major species, if not all of the multiple species of tRNALeU in animal cells (18) . Also a specific, conditional mutation in the charging of tRNA may prove pivotal in the understanding of gross macromolecular control mechanisms of animal cells (7, 12) as such mutations have proven to be in bacterial systems (15, 16) . From a genetic standpoint, this work has provided additional evidence (5) that at least some "mutant" phenotypes of somatic cells are, indeed, due to classical mutations since tsHl appears to contain an altered enzyme whose activity is temperature sensitive. Such mutants may be useful as markers for mutagenesis assays because the back selection for reversion is straightforward in design and the assay is not strongly influenced by cell density effects (4). It should also be possible to use tsHl to determine the particular human chromosome which carries the gene coding for leucyl-tRNA synthetase (14) .
With a combined approach of genetics and biochemistry, it will be important to determine whether reversion entails restoration of enzyme activity or some form of suppression such as elevated levels of tRNA (17) . In this regard, it is interesting to note that the lethality of tsHl at 38.55 can be partially reversed by supplementing the medium with 10-fold the normal concentration of leucine (S. J. Molnar, personal communication).
Finally, the mutant has already been useful as a guide in developing new, more specific isolation procedures. We have been able to construct a selection protocol, based on killing with [3H]aminoacids of high specific activity at the nonpermissive temperature, which allows very efficient recovery of tsHl cells when added to a vast excess of wild-type cells. This selective procedure, designed to obtain additional protein-synthesis phenotypes, has already yielded several mutants which are now being characterized.
